Arginases compete with nitric oxide (NO) synthases for L-arginine as common substrate. Pulmonary vascular and airway diseases in which arginase activity is increased are associated with decreased NO production and reduced smooth muscle relaxation. The developmental patterns of arginase activity and type I and II isoforms expression in the lung have not been previously evaluated. Hypothesizing that lung arginase activity is developmentally regulated and highest in the fetus, we measured the expression of both arginase isoforms and total arginase activity in fetal, newborn, and adult rat lung, pulmonary artery, and bronchial tissue. In addition, intrapulmonary arterial muscle force generation was evaluated in the absence and presence of the arginase inhibitor N -hydroxy-nor-L-arginine (nor-NOHA). Arginase II content, as well as total arginase activity, was highest in fetal rat lung, bronchi, and pulmonary arterial tissue and decreased with age (P Ͻ 0.05), and its lung cell expression was developmentally regulated. In the presence of nor-NOHA, pulmonary arterial force generation was significantly reduced in fetus and newborn (P Ͻ 0.01). No significant change in force generation was noted in bronchial tissue following arginase inhibition. In conclusion, arginase II is regulated developmentally, and both expression and activity are maximal during fetal life. We speculate that the maintenance of a high pulmonary vascular resistance and decreased lung NO production prenatally may, in part, be dependent on increased arginase expression and/or activity. pulmonary vascular resistance; airway resistance; nitric oxide GIVEN THE HIGH FETAL PULMONARY vascular resistance, pulmonary blood flow prenatally is less than 10% of the total cardiac output. Pulmonary vascular resistance rapidly decreases at birth and reaches the low physiological level of adults at the end of the neonatal period (12). The factors accounting for maintenance of high pulmonary vascular resistance prenatally and its rapid decrease after birth are not completely understood. Pulmonary vascular nitric oxide (NO) availability and its relaxant effect on smooth muscle are considered to play an important role in the transition from fetal to neonatal circulation (1).
GIVEN THE HIGH FETAL PULMONARY vascular resistance, pulmonary blood flow prenatally is less than 10% of the total cardiac output. Pulmonary vascular resistance rapidly decreases at birth and reaches the low physiological level of adults at the end of the neonatal period (12) . The factors accounting for maintenance of high pulmonary vascular resistance prenatally and its rapid decrease after birth are not completely understood. Pulmonary vascular nitric oxide (NO) availability and its relaxant effect on smooth muscle are considered to play an important role in the transition from fetal to neonatal circulation (1) .
NO is produced by nitric oxide synthases (NOS). In the lung, three NOS isoforms are present. Endothelial NOS (eNOS) is expressed in pulmonary vascular endothelium and bronchial epithelium, whereas neuronal (nNOS) and inducible (iNOS) NOS are the predominant isoforms in vascular and airway tissue smooth muscle, bronchial epithelial cells, and macrophages (3) .
The amino acid L-arginine is a substrate for both NOSs and arginases. One role of arginases is deamination of L-arginine in the liver by catalyzing the last step of the urea cycle and converting ammonia to the less toxic urea. There are two known isoforms of arginase. Arginase I is located in the cytosol and strongly expressed in liver, whereas arginase II is confined to the mitochondrial matrix and mainly expressed in kidney. The role of arginase I in the liver is well-defined, where it catalyzes the deamination of L-arginine to produce ornithine and urea. The role of extrahepatic arginases is not very clear, however, ornithine, the downstream product of arginase activity, is known to be further metabolized into polyamines that are involved in tissue repair and growth, as well as proline, the precursor of collagen formation (21) .
Both isoforms of arginase are expressed in lung, and increased arginase activity has been reported in obstructive airway diseases such as asthma (3, 34) , cystic fibrosis (13) (14) (15) , as well as pulmonary hypertension (22-25, 30, 33) . High arginase activity in the pathophysiology of these diseases is believed to result in decreased availability of L-arginine for constitutive NOSs and consequently low NO production.
The maturation-dependent changes in arginase expression and activity in the lung as well as their physiological implications have not been previously evaluated and constitute the main goal of this study. Reflecting the rapid decrease in pulmonary vascular resistance after birth, we hypothesized that arginase expression and activity in lung tissue are highest prenatally. Accordingly, we evaluated rat fetal, early neonatal, and adult lung tissue, as well as the specific contribution of pulmonary arterial vs. airways tissue arginase activity and their age-dependent functional changes.
METHODS

Animals.
Timed-pregnant and nonpregnant young adult (2-4 mo old, 250 -300 g) as well as 3-day-old newborn Sprague-Dawley rats (Charles River, Ontario, Canada) were studied. All procedures were conducted according to criteria established by the Canadian Council on Animal Care and approved by the Hospital for Sick Children Research Institute Animal Care Review Committee.
Preparation of tissue extracts. Tissue extracts were made in the lysis buffer consisting of 50 mM HEPES buffered with sodium hydroxide to pH 7.4, 150 mM sodium chloride, 1% Triton X-100, 10% glycerol, 1.5 mM magnesium chloride, 2 mM EDTA, 1 mM PMSF, 2 g/ml leupeptin, and 2 g/ml pepstatin. Lung tissue was homogenized in a rotor-stator-type homogenizer whereas pulmonary artery and bronchi were frozen in liquid nitrogen and then grounded with mortar and pestle before ice-cold lysis buffer was added. After 1 h on ice, the homogenates were centrifuged at 14,000 rpm for 20 min. The supernatants as extracts were transferred to fresh tubes. Total protein concentration was measured according to the Bradford method (7); extracts were diluted to a final concentration of 4 mg/ml. Given the small size, fetal and newborn tissue was pooled such that each sample reflected tissue derived from three separate animals, respectively.
Measurement of arginase activity. Arginase activity was measured according to the method described by Corraliza et al. (9) . In brief, the extracts were incubated with equal volumes of 10 mM manganese chloride in 25 mM Tris ⅐ HCl, pH 7.4, at 56°C for 10 min to activate the enzyme. Then 50 l of the activated extracts were transferred to the boil-proof Eppendorf tubes containing 50 l of 20 -250 mM of L-arginine, pH 9.7, with or without N -hydroxy-nor-L-arginine (nor-NOHA; Calbiochem, San Diego, CA), the competitive inhibitor of arginase activity. These assay mixtures were incubated at 37°C in a shaking water bath for 1 h. The reaction was stopped by adding 800 l of the acid mix comprised of sulfuric acid, phosphoric acid, and water in a ratio of 1:3:7. Fifty microliters of 9% ␣-isonitrosopropiophenone (ISPF) dissolved in ethanol was added, and the tubes were incubated in a boiling water bath for 45 min. The color was developed by keeping the tubes in the dark at room temperature for 10 min. Aliquots of 200 l were transferred to a 96-well plate, and absorbance at 540 nm was measured in VersaMax microplate reader (Plate Technologies, Sunnyvale, CA). Each assay was run in triplicate, and the activity was completely inhibited with nor-NOHA confirming that the urea produced was an outcome of the arginase action.
Immunoblotting for arginase I, arginase II, and eNOS. The tissue extracts were digested with Laemmli sample loading buffer at 100°C for 5 min and electrophoresed on 10% SDS-PAGE gel. Proteins separated on the gel were electrotransferred to nitrocellulose membrane (Amersham Biosciences, Mississauga, Ontario, Canada) at room temperature for 1 h at a constant voltage of 100 V. The membranes were blocked by rocking with 5% nonfat dry milk in 20 mM Tris ⅐ HCl, pH 7.6, 137 mM NaCl, 0.1% Tween-20 (TBS-T) for 1 h at room temperature. The Trans-Blots were then incubated at 4°C overnight on a rocking platform with commercially available polyclonal antibodies raised against arginase I or II (Santa Cruz Biotechnology) or eNOS (Transductions Laboratories, Lexington, KY) at dilutions of 1:500, 1:1,000, and 1:5,000 in TBS-T containing 5% milk, respectively. After washing with TBS-T for 30 min, the Trans-Blots were incubated with IgG conjugated with horseradish peroxidase (1:20,000 dilution in TBS-T containing 5% milk) at room temperature for 60 min and washed with TBS-T for 40 min at room temperature. The blots were subsequently treated with chemiluminescence reagent (ECL; PerkinElmer, Shelton, CT) and exposed to Kodak Scientific Imaging Systems film. Membrane blots were stripped and exposed to ␤-actin (1:40,000 dilution). The bands for arginase I, arginase II, and eNOS on imaging film were quantitated by measuring density on a chemiluminescence imaging instrument with a built-in program for analysis (FluorChem FC2; Alpha Innotech, San Leandro, CA), and results were expressed as a ratio to the corresponding ␤-actin densities.
Immunohistochemistry. Fetal, newborn, and adult lungs were removed immediately after killing, inflated (20 cmH20 airway pressure), and maintained in 4% paraformaldehyde in a 0.2 M sodium phosphate buffer (pH 7.4). The tissue was postfixed at 4°C for 4 -20 h, dehydrated in a graded series of ethanols, and cleared in xylene. The fixed tissue was embedded in molten paraffin in a heating incubator at 54°C for 2-3 days. After tissues were embedded, the paraffin block containing the tissue was trimmed and mounted on a rotary microtome (model 45; Lipshaw, Detroit, MI) equipped with a standard knife holder and a forward-moving block. The tissue was oriented to allow for the cutting of transverse sections (6-m thickness). Sections were mounted on gelatin-subbed microscope slides and immersed in xylene for 15 min to remove wax before staining. The dewaxed sections were rehydrated through a graded series of ethanols, stained with Gill hematoxylin for 2 min for nuclear staining, and rinsed with distilled water. After they were washed with distilled water, the sections were rehydrated in ethanol, equilibrated in xylene, and positioned under a glass cover with Entellan.
Tissues for all immunolabeling were immersed in methanol containing 0.3% H2O2 for 20 -45 min, microwaved for 20 min in 10 mM sodium citrate buffer, rinsed with PBS, and blocked with Dako serum-free protein (Dako, Mississauga, Ontario, Canada) for 30 min. All tissues were incubated overnight with goat anti-arginase I or II (1:100 dilution; Santa Cruz Biotechnology) at 4°C. After three 5-min PBS washes, tissues were incubated with the horse anti-goat IgG biotinylated secondary antibody (1:200 dilution; Vector Laboratories, Burlington, Ontario, Canada) for 1-2 h at room temperature. Tissues treated with antibodies were further incubated in a 1% avidin-biotinylated-peroxidase complex (1:50 ABC; kit PK-4000, Vectastain, Vector Laboratories) for 30 min. Antibody labeling was then revealed by 3,3-diaminobenzidine tetrahydrochloride (DAB) for 10 min at room temperature. Controls were provided by primary antibody omission.
Organ bath studies. Third or fourth (adult) generation left lung intralobar pulmonary artery ring segments or their adjacent bronchus (average diameter, 80 -100 m; length, 2 mm) were dissected free and mounted in a wire myograph (Danish Myo Technology A/S, Aarhus, Denmark). Isometric changes were digitized and recorded online (Myodaq, Danish Myo Technology A/S). Tissues were bathed in KrebsHenseleit buffer (NaCl, 115 mM; NaHCO 3, 25 mM; NaHPO4, 1.38 mM; KCl, 2.51 mM; MgSO4 7H2O, 2.46 mM; CaCl2, 1.91 mM; and dextrose, 5.56 mM) bubbled with air-6% CO2 and maintained at 37°C. After 1 h of equilibration, the optimal tissue resting tension was determined by repeated stimulation with 128 mM KCl until maximum active tension was reached. All subsequent force measurements were obtained at optimal resting tension.
Pulmonary vascular muscle force generation was evaluated by stimulating with the thromboxane A 2-mimetic U-46619, whereas the muscarinic receptor stimulant acetylcholine was used in bronchial tissue. Contractile responses were normalized to the tissue crosssectional area as (width ϫ diameter) ϫ 2 and expressed as mN/mm 2 . The arginases inhibitor nor-NOHA (Calbiochem) was added to the muscle bath 20 min before the initiation of the dose-responses at a 10 Ϫ5 M concentration. This concentration has been shown by others to effectively inhibit vascular and airway tissue arginases activity. Relaxation was induced with the endothelium-dependent agonist acetylcholine in the presence and absence of the nonspecific NOS inhibitor nitro-L-arginine methyl ester (L-NAME; 10 Ϫ4 M) following precontraction with U-46619 at age-specific concentrations equivalent to the concentration giving 75% maximal response (EC75).
Drugs. Unless otherwise indicated, all drugs were obtained from Sigma-Aldrich, Ontario, Canada.
Data analysis. Data were evaluated by one-or two-way ANOVA with multiple comparisons obtained by the Tukey-Kramer test when appropriate. Statistical significance was accepted at P Ͻ 0.05. All statistical analysis was performed with the Number Cruncher Statistical System (NCSS, Kaysville, UT). Data are presented as means Ϯ SE.
RESULTS
Tissue arginase activity was measured in total lung, intrapulmonary arteries and their adjacent bronchi (Fig. 1) . Significantly higher arginase activity was found in all fetal compared with adult tissues. Arginase activity in pulmonary artery was also significantly higher in newborn compared with adult, whereas no differences in arginase activity were seen between newborn and adult rats in whole lung tissue or bronchi (Fig. 1) .
Both arginase isoforms were identified in rat lung tissues throughout development by Western blots, and their expression was significantly different in fetal compared with postnatal lung (P Ͻ 0.01; Fig. 2 ). Whereas the expression of arginase type II was highest in fetal whole lung homogenates, the type I content was significantly lower in fetal compared with newborn and adult lungs (Fig. 2) . eNOS was also expressed in lungs of all age groups with a tendency toward higher levels of expression in the fetus and newborn compared with adult (Fig. 2) .
To comparatively evaluate tissue-specific expression of the arginase isoforms in pulmonary artery and airway, we further extracted protein from intrapulmonary 3rd to 4th generation arteries and bronchi. As shown in Fig. 3 , arginase I expression in adult tissue was at the limits of antibody sensitivity. A further characterization of the maturational pattern of arginase I in the small quantities of bronchial and pulmonary arterial tissue of fetal and neonatal animals was therefore not feasible. In contrast, arginase type II expression could be ascertained in bronchial but not pulmonary arterial adult tissue (Fig. 3 ). As such, we further evaluated the developmental expression pattern of arginase type II in bronchial tissue (Fig. 4) . Its expression was significantly greater (P Ͻ 0.01) in the fetus compared with newborn and adult in a pattern similar to the expression of this isoenzyme in whole lung homogenate.
To determine the cellular localization of arginases in the lung, immunohistochemical staining for both isoforms was obtained. As shown in Fig. 5 , arginases I and II are both expressed in the rat lung at all three ages studied. Arginase I appeared to be localized predominately in pulmonary artery endothelium and airway epithelium. The type II isoform was Fig. 2 . Arginase isoform types I and II and endothelial nitric oxide synthase (eNOS) expression normalized to ␤-actin in fetal (n ϭ 3), newborn (n ϭ 3), and adult (n ϭ 3) whole lung. **P Ͻ 0.01 compared with the respective newborn and adult tissue by one-way ANOVA and Tukey-Kramer multiple comparisons test. mostly expressed in the muscle and adventitial layers of the pulmonary arteries and airways (Fig. 5) .
To further evaluate the functional significance of arginase expression and its activity with regard to developmental changes, we studied pulmonary arterial and bronchial smooth muscle contraction in the presence of the arginase inhibitor nor-NOHA. The rationale for this set of experiments relates to the expected increase in availability of L-arginine for endogenous NO production following arginase inhibition that would result in reduced force generation in response to agonist stimulation. Figure 6 illustrates the pulmonary arterial muscle force that developed in response to the thromboxane A 2 analog U-46619 in the absence and presence of the arginases inhibitor nor-NOHA. In the presence of arginase inhibitor, both fetal and newborn pulmonary arteries generated significantly lower force for all molar concentrations tested (P Ͻ 0.01, respectively). In contrast, except for the 10 Ϫ7 M U-46619 concentration, nor-NOHA had no effect on force generation in adult pulmonary arteries. Similarly, incubation with nor-NOHA resulted in significant relaxation of U-46619-contracted vessels to levels comparable with the age-matched control acetylcholine-mediated values in the fetus and newborn but not adult arteries (Fig. 7) . Experiments conducted in the presence of L-NAME (10 Ϫ4 M) completely eliminated the nor-NOHAinduced relaxation in newborn pulmonary arteries (Fig. 7) . These data suggest that arginase inhibition led to an increase in NO production in the fetal and newborn arteries of a magnitude comparable with the acetylcholine-induced eNOS-mediated response.
Similar measurements were obtained for the same generation bronchial tissue. In contrast to the pulmonary arterial tissue, arginase inhibition had no effect on the bronchial smooth muscle acetylcholine-induced force generation at any age (Fig. 8 ).
DISCUSSION
Arginases have been shown to control smooth muscle contraction by modulating NO production through substrate limitation for NOS. In the lung, there is evidence that increased arginase activity plays a role in both vascular and airway diseases. In the present study, we documented for the first time that the pattern of arginase expression and activity in the healthy lung changes with maturation. Total lung arginase activity and tissue expression of arginase type II were maximal in fetal compared with postnatal values. In line with these observations, functional studies showed that inhibition of arginase activity resulted in a greater reduction in muscle tone of fetal and neonatal pulmonary artery compared with adult. In addition, as judged by the reduction in force, arginase inhibition resulted in an increase in fetal and newborn pulmonary arteries NO production comparable to the postacetylcholineinduced eNOS-dependent response.
Changes in arginase expression and/or activity have been reported in a number of human systemic vascular diseases. These include increased arginase activity and/or expression in diabetic patients with erectile dysfunction (16), systemic hypertension (10), atherosclerosis (19) , and preeclampsia (27) . In the adult lung, increased arginase type II expression in pulmonary artery endothelial cells together with higher arginase activity in serum was documented in subjects with pulmonary arterial hypertension (33) . Serum arginase activity has been also shown to be increased in sickle cell disease-related secondary pulmonary hypertension (25) and thalassemia (24) . In the newborn rat, we (5) have previously reported that chronic hyperoxia induces pulmonary hypertension. Hyperoxia is known to upregulate arginase expression in lung (29) and possibly contributed to decreased NO production that we reported in this newborn model of pulmonary hypertension (5) .
Arginase I expression is upregulated in older rats and may account for the endothelial dysfunction observed later in life (6) . Yet the pulmonary vascular age-dependent arginase expression changes from fetal to adult life had not been evaluated. In this study, we documented a significantly higher lung arginase activity in the fetal compared with adult tissue, suggesting that arginase may be important in the regulation of smooth muscle tone in early life.
In keeping with the maturational pattern of lung arginase activity and expression in the present study, we showed that arginase inhibition had a significantly greater functional effect on fetal compared with adult pulmonary arteries. In the presence of the arginase inhibitor nor-NOHA, fetal pulmonary arteries showed less agonist-induced force indicative of an increase of L-arginine availability for NOS and consequently higher vascular NO production that resulted in a lower smooth muscle tone. Arginase inhibition led to relaxation of precontracted fetal pulmonary arteries of comparable magnitude as obtained following eNOS stimulation (acetylcholine-induced). Physiologically, these findings correlate with the observed Fig. 7 . Acetylcholine-induced relaxation of fetal (n ϭ 4), newborn [n ϭ 16 for control and nor-NOHA, n ϭ 4 for nor-NOHA ϩ nitro-L-arginine methyl ester (L-NAME)], and adult (n ϭ 6) pulmonary arteries precontracted with thromboxane A2 analog U-46619 (EC75; concentration giving the 75% maximal response) in the absence (control) and presence of the arginase inhibitor nor-NOHA (10 Ϫ5 M) and NOS inhibitor L-NAME (10 Ϫ4 M). Relaxation is expressed as percentage of respective control postcontraction values. **P Ͻ 0.01 compared with control values by ANOVA. reduction in pulmonary vascular tone during the transition from fetal to postnatal life, suggesting that the higher lung arginase activity prenatally is one of the contributing regulatory factors to this phenomenon.
Reciprocal regulation of arginases and NOS has been previously reported where inhibition of arginase resulted in increased NOS activity (6) . This cannot be supported by our findings of eNOS expression in lung tissue. The developmental pattern of eNOS expression is thought to be such that it peaks after the neonatal period as shown in porcine lung (2) and also rat liver (28) . In the present study, we documented that eNOS expression in rat lung was similar across ages with a tendency toward higher values in the fetus and newborn compared with adult lung. We did not, however, observe an effect of arginase inhibition on bronchial smooth muscle force generation suggesting that L-arginine availability is not a limiting factor for the maintenance of a low airway resistance. In contrast, in adult guinea pig trachea (17) , arginase inhibition was found to enhance noncholinergic nerve-mediated airway relaxation. Species-and age-related differences may explain the discrepant results. In addition, we have not evaluated the electrical field stimulation-induced relaxant potential of the rat bronchial muscle as done in a study by Maarsing et al. (17) . Under physiological conditions, the airway resistance is low and does not significantly change during maturation. However, increased airway arginase activity has been documented in diseases such as asthma (18, 26) and cystic fibrosis (13) (14) (15) and may contribute to airflow obstruction in these patients. In this study, we further demonstrated that the expression of arginase I in airway epithelium is likely not developmentally regulated (Fig. 5) .
It is currently not known which arginase isoform is the predominant contributor to total arginase activity in the lung. Studies in transgenic mice suggest that arginase I is essential for detoxification, whereas these animals can compensate for arginase II deficiency. Arginase I-deficient mice exhibited a severe debilitated phenotype with these animals dying from high ammonia levels during the newborn period (20) . Arginase II knockout mice showed no apparent phenotypic change, possibly because of compensatory upregulation of arginase I (31) . In the present study, we documented that both isoforms were expressed in the rat lung in a cell type-and maturationspecific pattern. Arginase I predominates in airway epithelium and pulmonary arterial endothelium, whereas the type II isoform is mostly present in the medial and adventitial layers of both anatomical structures (Fig. 5) .
Evidence for compensatory regulation of the two arginase isoforms was also found based on the observed significant increase in arginase II in the presence of decreased arginase I expression the fetal lung. Previously, Berkowitz et al. (6) had shown that both arginase isotypes were expressed in the rat aortic endothelium. Arginase I had been found to be constitutively expressed in endothelial cells (35) , whereas arginase II appeared to be inducible in response to cytokines (8) . White et al. (32) have demonstrated that arginase type I knockdown could enhance NOS activity in adult rat thoracic aortic tissue, and Zhang et al. (35) had shown in the porcine coronary artery that arginase type I is responsible for modulating the endothelial-dependent relaxation. Bachetti et al. (4) demonstrated that both isoforms were expressed in human umbilical vein endothelial cells (HUVEC) with a predominance of the type I isoform. In contrast and highlighting the discrepancies with the use of presently available antibodies, Ming et al. (19) showed that arginase type II is most abundant in HUVEC. Future studies will therefore be needed to define the role of the arginase isoforms in maturation of the human lung tissues.
Aside from regulating vascular tone, increased arginase activity may also alter vascular resistance by contributing to tissue remodeling in chronic conditions. In fact, ornithine, the product of arginase activity, is the precursor of proline and the polyamines, which promote collagen production and cell proliferation, respectively. The view that arginase contributes to pulmonary vascular remodeling is supported by studies demonstrating that upregulated L-arginine transport and metabolism by TGF-␤ 1 resulted in increased polyamine and L-proline formation in vascular smooth muscle cells (11) .
In summary, we showed for the first time that expression and activity of arginases in the rat lung follow a developmental pattern. The pulmonary arterial tissue arginase is highest in the fetus, and its in vitro inhibition markedly reduces the agoniststimulated muscle contraction, indicating increased vascular NO production. These findings suggest that arginase is in- volved in the maintenance of a high pulmonary vascular resistance during fetal life.
